Toxin-antitoxin genes play important roles in the regulation of bacterial growth during stress. One response to stress is selective proteolysis of antitoxin proteins which releases their cognate toxin partners causing rapid inhibition of growth. The features of toxin-antitoxin complexes that are important to inhibit toxin activity as well as to release the active toxin remain elusive. Furthermore, it is unclear how antitoxins are selected for proteolysis by cellular proteases. Here, we test the minimal structural requirements of the Escherichia coli DinJ antitoxin to suppress its toxin partner, YafQ. We find that DinJYafQ complex formation is critically dependent on the last ten C-terminal residues of DinJ. However, deletion of these 10 DinJ residues has little effect on transcriptional autorepression suggesting that the YafQ toxin is not a critical component of the repression complex in contrast to other toxin-antitoxin systems. We further demonstrate that loop 5 preceding these ten C-terminal residues is important for Lonmediated proteolysis. These results provide important insights into the critical interactions between toxin-antitoxin pairs necessary to inhibit toxin activity and the regulated proteolysis of antitoxins.
Introduction
Toxin-antitoxin gene pairs are ubiquitous in bacteria and aid in the protection and recovery from environmental stresses by limiting growth (Maisonneuve and Gerdes, 2014) . Stress activates the bacterial stringent response and the synthesis of (p)ppGpp, a global signaling molecule that facilitates the transcription of specific genes and stimulates the polyphosphate pathway leading to proteolysis of antitoxins by ATP-dependent proteases (Maisonneuve and Gerdes, 2014; Hauryliuk et al., 2015) . After antitoxins are degraded, this releases their cognate toxin partners that act as the effector molecules to halt bacterial growth. Defining the mechanisms by which antitoxins are selectively degraded by proteases is critical to understanding how proteolytic regulation impacts bacterial survival during stress.
Toxin-antitoxin modules are organized as bicistronic operons that are transcriptionally autoregulated by direct binding of the antitoxin at upstream, DNA operator regions (Loris and Garcia-Pino, 2014) . In the absence of stress, the toxicity of the toxin component is counteracted by a cognate antidote or antitoxin protein by the formation of a tight complex (Hayes, 2003; Gerdes et al., 2005) . Stress conditions induce a change in gene expression and, in the case of the stringent response, a cascade of events that result in the proteolysis of antitoxins (Gerdes et al., 2005) . Antitoxin degradation not only causes derepression at the toxin-antitoxin loci resulting in greater expression, but also frees the toxin to inhibit growth. The switch between rapid growth to an inhibitory state is critical to ensure efficient bacterial adaptation to stress. Due to the important, fundamental roles of specific toxin-antitoxin complexes in promoting this growth transition, these gene pairs can be regarded as the molecular switches that enable growth changes in response to varying environmental conditions. There are at least seven different classes of toxinantitoxin gene pairs with type II systems being the most abundant and best characterized (Yamaguchi and Inouye, 2011) . Most, if not all, type II toxin components studied to date are activated during amino acid starvation (Gerdes et al., 2005) . These type II systems include the E. coli DinJ-YafQ complex which consists of a DinJ antitoxin and a YafQ toxin (Christensen et al., 2001; 2003) . DinJ and YafQ were previously determined to be members of the RelB antitoxin and RelE/YoeB toxin families of microbial RNases, respectively (Gerdes et al., 2005; Jorgensen et al., 2009; Liang et al., 2014; Ruangprasert et al., 2014) . The YafQ toxin is an endoribonuclease specific for mRNAs actively undergoing translation (Prysak et al., 2009; Maehigashi et al., 2015) . DinJ and YafQ form a heterotetrameric complex containing two copies of each protein coordinated by the dimerization of the DinJ N-terminal region (Liang et al., 2014; Ruangprasert et al., 2014) . Each DinJ monomer contains a single ribbon-helix-helix (RHH) motif and upon dimerization binds its own DNA operator to repress transcription (Gerdes et al., 2005; Prysak et al., 2009; Liang et al., 2014; Ruangprasert et al., 2014) (Fig. 1A) , similar to ParD, CcdA, FitA and RelB antitoxins (Kamada and Hanaoka, 2005; Takagi et al., 2005; De Jonge et al., 2009; Dalton and Crosson, 2010; Garcia-Pino et al., 2010) . Within the heterotetrameric complex, two C-terminal a-helices of each DinJ wrap around its bound YafQ and interact with the YafQ active site, likely to prevent interactions with its mRNA substrate. Toxin neutralization by antitoxin binding and blocking access to its active site is also seen in other systems including YoeB-YefM, RelEB, BrnTA and PhDDoc (Kamada and Hanaoka, 2005; Takagi et al., 2005; De Jonge et al., 2009; Dalton and Crosson, 2010; Garcia-Pino et al., 2010) . In contrast, structures of toxin-antitoxin complexes HipAB, MqsRA and HigBA reveal a different mode of toxin inactivation in which the A. A heterotetramer of DinJ-YafQ with the two DinJ truncation sites (D1-12, D1-44, D56-86, D71-86 and D77-86) tested indicated (PDB code 4Q2U). The YafQ active site is shown with a transparent blue oval. The top inset shows a 908 rotation to display the DinJ(D1-12) truncation sites. The bottom inset shows a detailed view of the three C-terminal DinJ truncation sites tested (D56-86, D71-86 and D77-86). B. Growth curves of E. coli BW25113 cells harboring pBAD-wild-type (WT) DinJ-YafQ or N-terminal truncated DinJ variants-YafQ. Expression of YafQ toxin alone (red) causes growth arrest with YafQ toxicity suppressed by co-expressing DinJ antitoxin (green). Error bars represent standard error of mean from three independent experiments. C. Growth curves of E. coli BW25113 cells harboring pBAD-DinJ-YafQ WT or C-terminal truncated DinJ variants-YafQ WT. Error bars represent standard error of mean from three independent experiments.
antitoxin has no interaction with the toxin active site and in some cases, the active site is solvent accessible (Brown et al., 2009; Schumacher et al., 2009; Schureck et al., 2014) . One possible reason for these different inhibition modes is the structural diversity of antitoxins. Therefore, determining the critical interactions between cognate toxin-antitoxin pairs required to restrict toxin activity is an important aspect of toxin-antitoxin physiology.
A critical component of toxin activation is the regulated proteolysis of antitoxins by cellular proteases (Brzozowska and Zielenkiewicz, 2013) . Upon activation of the stringent response, antitoxins are proteolytically degraded by Lon, ClpXP, ClpAP or, to a lesser extent, ClpCP proteases (Van Melderen et al., 1994; Aizenman et al., 1996; Christensen et al., 2001; Prysak et al., 2009; Donegan et al., 2010; Maisonneuve et al., 2013) . Lon appears to degrade the vast majority of antitoxins including CcdA, RelB, YefM and DinJ (Van Melderen et al., 1994; Christensen et al., 2001; Overgaard et al., 2009; Prysak et al., 2009; Maisonneuve et al., 2013) . DinJ is degraded by both Lon and ClpXP, although DinJ appears to be stabilized to a lesser extent in E. coli ClpXP deletion strains (Prysak et al., 2009) . No consensus Lon motifs have been identified to date, therefore it remains unknown how Lon specifically selects its targets among numerous cellular substrates. Lon typically degrades unstable and misfolded proteins (Gur and Sauer, 2008) as well as mediating cellular homeostasis by the selective proteolysis of regulatory factors (Mizusawa and Gottesman, 1983; Waxman and Goldberg, 1986; Tsilibaris et al., 2006; Jonas et al., 2013; Mukherjee et al., 2015) . In the case of antitoxins, it appears these proteins are inherently less stable than their cognate toxin partners presumably through selective proteolysis (Tsuchimoto et al., 1992; Van Melderen et al., 1994; Lehnherr and Yarmolinsky, 1995; Overgaard et al., 2008) . The lability of antitoxins and this possible instability and sensitivity to proteolysis may arise from flexible, C-terminal regions as seen in antitoxins YefM, ParE, Kis and HipB (Kamada et al., 2003; Kamphuis et al., 2007; Oberer et al., 2007; Schumacher et al., 2009) or intrinsically disordered regions as observed in PhD and CcdA antitoxins (Van Melderen et al., 1994; Madl et al., 2006; De Jonge et al., 2009; Garcia-Pino et al., 2010; Garcia-Pino et al., 2016) . Furthermore, intrinsically disordered regions of PhD and CcdA are important for mediating interactions with their toxin components critical for transcriptional repression (De Jonge et al., 2009; Garcia-Pino et al., 2010) . However, it remains to be elucidated if antitoxin lability is a common characteristic because some antitoxins contain structured termini such as YefM, BrnA, MqsA, DinJ and HigA (Kumar et al., 2008; Heaton et al., 2012; Brown et al., 2013; Ruangprasert et al., 2014; Schureck et al., 2014) . These examples suggest that antitoxin lability alone may not fully explain susceptibility to proteolysis.
Here, we test the requirements to form a functional and stable E. coli DinJ-YafQ toxin-antitoxin complex as determined by its ability to suppress toxin activity and to repress transcription. We demonstrate that disrupting the DinJ-YafQ complex minimally perturbs transcriptional repression suggesting that DinJ binding alone is sufficient for full repression and YafQ is not a corepressor. In contrast, we find that the C-terminus, specifically loop 5 of DinJ, is accessible to proteolysis. This solventaccessible loop precedes a-helix 4 (a4) and we determine that this region is critical to maintain the DinJ-YafQ complex. We further demonstrate that Lon degrades DinJ both in isolation and in the context of the DinJYafQ toxin-antitoxin complex suggesting that YafQ binding does not stabilize DinJ to prevent proteolysis. Finally, Lon is unable to cleave DinJ containing an altered Cterminal loop 5 strongly suggesting that this loop region is critical for Lon recognition. Comparison with other antitoxins such as RelB and YefM reveals similar Cterminal regions suggesting a possible analogous mechanism for how Lon protease recognizes antitoxin proteins.
Results

A DinJ-YafQ heterodimer is sufficient to inactivate YafQ toxicity
The DinJ-YafQ complex is a heterotetramer (DinJYafQ) 2 in which the two DinJ N-termini dimerize to form a RHH DNA-binding motif (Fig. 1A) . To determine if the DinJ N-terminus plays a role in YafQ inhibition, we used the structure of the DinJ-YafQ complex (Liang et al., 2014; Ruangprasert et al., 2014) as a guide to design two DinJ truncation variants and tested their effect on bacterial growth. Overexpression of toxin proteins typically halts cell growth whereas coupled overexpression of the cognate antitoxin reverses growth arrest, providing an assay to test whether DinJ-YafQ complex formation occurs (Christensen et al., 2001; Brown et al., 2009; Prysak et al., 2009; Zhang and Inouye, 2009 ). The first truncation variant, DinJ(D1-12), lacks b1 which forms a two-stranded antiparallel b-sheet with the adjacent DinJ monomer to create part of the dimeric RHH motif (wild-type [WT] DinJ is 9.4 kDa and the DinJ(D1-12) variant is 8.1 kDa). In the second DinJ variant, DinJ(D1-44), b1, a1 and a2 are deleted thereby removing the entire DNA binding domain ( Fig. 1A ; this variant is 4.7 kDa). We monitored growth of E. coli cells upon protein expression from a plasmid encoding either WT or DinJ-YafQ variants (Fig. 1B) . Overexpression of both DinJ deletion constructs (DinJ(D1-12)-YafQ and DinJ(D1-44)-YafQ have no effect on growth comparable to the WT DinJ-YafQ complex in contrast to the toxic phenotype seen by expression of WT YafQ alone (Fig.  1B) . Western blot analysis confirmed that in these N-terminal DinJ deletions, YafQ is still expressed (Fig.  S1 ). These results show that deletion of the N-terminus of DinJ does not impact its ability to interact with YafQ.
The C-terminal DinJ a4 is essential for toxin inactivation
Having eliminated the DinJ N-terminus and DinJ-DinJ dimerization as being critical for YafQ inactivation, we next examined the interactions between the toxin and the C-terminus of DinJ. The DinJ C-terminus forms three direct interactions with YafQ: loop 3 and a3 of DinJ interact with active site residues of YafQ, DinJ b2 forms an antiparallel b-sheet with YafQ b1, and the hydrophobic interior surface of DinJ a4 packs against a hydrophobic patch of YafQ (Fig. 1A , bottom inset panel). To determine whether each of these interactions are important to maintain the DinJ-YafQ heterodimer, we designed a series of C-terminal DinJ truncations and evaluated their ability to suppress YafQ toxicity in bacterial growth assays as described above. Expression of DinJ(D56-86)-YafQ (lacks DinJ a3, b2 and a4), DinJ(D71-86)-YafQ (lacks DinJ b2 and a4) and DinJ(D77-86)-YafQ (lacks DinJ a4) complexes all suppress growth at a level comparable to when WT YafQ is induced in the absence of DinJ (Fig. 1C) . These results suggest that all three DinJ truncations disrupt the DinJYafQ complex, releasing YafQ to inhibit growth. Surprisingly, removal of as few as ten C-terminal residues of DinJ in the DinJ(D77-86)-YafQ construct prevents formation of the complex, demonstrating the critical nature of the interactions mediated by DinJ a4 for complex formation.
DinJ a4 is essential to maintain the DinJ-YafQ complex
While our growth assays report on whether YafQ is free to inhibit growth, they do not directly address whether the truncated DinJ is incapable of forming a complex with YafQ. Therefore, we overexpressed and purified DinJ(D77-86)-YafQ by Ni 21 -immobilized metal affinity chromatography (IMAC) and analyzed the complex by size exclusion chromatography (SEC). YafQ toxin elutes as a monomer (10 kDa) while DinJ elutes as higher molecular weight complex ( Fig. 2A) . However, DinJ itself likely forms a homodimer consistent with other RHHcontaining antitoxins but its elongated shape may accelerate its elution by SEC as we previously demonstrated (Ruangprasert et al., 2014) . WT DinJ-YafQ(His) 6 coelutes during IMAC and the complex was determined to be a heterotetramer by structural studies (Liang et al., 2014; Ruangprasert et al., 2014) . However, in the context of DinJ(D77-86)-YafQ(His) 6 coexpression, only YafQ(His) 6 binds tightly to the IMAC column and DinJ(D77-86) elutes in the column wash steps as seen by SDS-PAGE analysis (Fig. S2 ). To test whether the DinJ-YafQ complex could form in vitro, we incubated purified DinJ(D77-86) with YafQ(His) 6 and analyzed by SEC ( Fig. 2A ). Both DinJ(D77-86) and YafQ(His) 6 elute separately and their identities were confirmed by SDS-PAGE analysis (Fig. 2B) . Together, these data confirm that the removal of as few as ten C-terminal amino acids (residues 77-86) inhibits the formation of the DinJ-YafQ complex. A. Size exclusion chromatography (SEC) of purified DinJ(D77-86) (blue; peak 1) and YafQ(His) 6 (blue; peak 2) demonstrating each protein elutes separately. Individually purified wild-type DinJ (dotted black; 54 kDa), YafQ(His) 6 (red; 10 kDa), DinJ-YafQ (black; 56 kDa) and DinJ(D77-86) (orange; 40 kDa) elution profiles are shown. B. SDS-PAGE analysis of peak 1 (fractions 11-12) and 2 (fractions 14-14.5) from panel (A) confirms that each peak contains only either DinJ(D77-86) or YafQ(His) 6 .
The DinJ C-terminus plays no role in transcriptional repression
Previously it was shown for the RelEB, CcdBA and PhD-Doc toxin-antitoxin complexes that toxin binding to antitoxin-DNA complexes increases the avidity of the toxin-antitoxin complex for its DNA operator (Gotfredsen and Gerdes, 1998; Afif et al., 2001; Overgaard et al., 2008; Garcia-Pino et al., 2010) . In the case of DinJYafQ, both DinJ-YafQ and DinJ alone repress transcription to similar levels by direct binding at the operator region upstream of the dinJ-yafQ operon (Ruangprasert et al., 2014) . Although the RHH motif is located at the N-terminus of DinJ, it is unknown whether the Cterminus of DinJ has any role in transcriptional regulation. To test this, we performed b-galactosidase assays using pQF50 constructs containing the native PdinJ promoter followed by WT or dinJyafQ variants inserted upstream of lacZ (Fig. 3A) . PdinJ allows for constitutive expression of lacZ (PdinJ, 100%) while DinJ-YafQ autorepresses transcription as shown by lowered bgalactosidase activity (22% normalized to PdinJ) as we previously demonstrated (Ruangprasert et al., 2014) (Fig. 3B) . Transcriptional repression can be reversed by changing a single DinJ residue (R10A) predicted to interact with the DNA operator (PdinJ_DinJ(R10A)-YafQ) (101% normalized to PdinJ) (Ruangprasert et al., 2014) . We next tested the ability of DinJ-YafQ to repress at PdinJ upon removal of a4 (D77-86) of DinJ. Since we previously determined that DinJ(D77-86) lacking a4 no longer interacts with YafQ ( Figs. 1C and 2 ), we made a catalytically inactive YafQ by mutating His87 to alanine to avoid the complicating effects of translational inhibition by WT YafQ on b-galactosidase levels. DinJ(D77-86)-YafQ H87A displays a strong reduction in b-galactosidase activity (30%). The extent of repression is similar to WT, but at a slightly reduced level, possibly due to differences in the expression or stability level of the DinJ variants. This result indicates that disruption of the DinJ-YafQ complex has essentially little or no effect on the ability of DinJ to bind its operator DNA and thus repress transcription.
The C-terminus of DinJ is proteolytically accessible in vivo
The structure of the DinJ-YafQ complex revealed two solvent exposed regions: loop 3, which connects the Nterminal DNA-binding domain and the C-terminal toxin neutralization domain, and loop 5, which precedes terminal a4 and interacts exclusively with YafQ (Fig. 1A) . We speculated that these regions might be potential protease targets because of their solvent accessibility and the presence of hydrophobic residues in these loops or adjacent regions which typically are Lon substrates (Gur and Sauer, 2008; (Fig. 4A) . Although deletion of Lon has been shown to stabilize DinJ and RelB protein levels in vivo (Christensen et al., 2001; Christensen and Gerdes, 2004; Prysak et al., 2009) , and both YefM and RelB are Lon targets in vitro (Overgaard et al., 2009; Maisonneuve et al., 2013) , it is unclear how antitoxins are selected for proteolysis and whether specific regions of the antitoxins are targeted. Because Lon has many regulatory cellular roles that are distinct from antitoxin degradation, we instead attempted A. pQF50 constructs used in b-galactosidase assays in (B). B. b-galactosidase assays of the constructs in panel (A) with the percent activity normalized against PdinJ. The DinJ R10A variant is defective in DNA binding (Ruangprasert et al., 2014) , and the YafQ H87A variant is catalytically inactive (Maehigashi et al., 2015) and are denoted with black diamonds. The truncation in DinJ(D77-86) is indicated by a red line. The lacZ gene encodes for the b-galactosidase enzyme. Error bars represent standard error of mean from three independent experiments.
Functional characterization of the E. coli DinJ-YafQ complex 69 to address whether solvent exposed regions of DinJ are accessible to a non-E. coli protease, Tobacco Etch Virus (TEV) protease. We engineered a TEV protease recognition site either at loop 3 or loop 5 of DinJ to create two new DinJ variants, DinJ(TEV_L3) and DinJ(TEV_L5), respectively (Fig. 4B) . We transformed E. coli BW25113 with arabinose-inducible pBAD33 overexpressing DinJ(TEV_L3)-YafQ or DinJ(TEV_L5)-YafQ along with a TEV protease expression construct (Figs. 4C and S3) . Overexpression of WT YafQ toxin halts growth, overexpression of TEV alone has a modest impact on growth, and the DinJ-YafQ complex permits growth (Figs. 4C and S3) . Induction of both DinJ(-TEV_L3)-YafQ and TEV has little to no impact on growth indicating that the TEV site is inaccessible to the protease (Fig. 4C) . In contrast, induction of both DinJ(TEV_L5)-YafQ and TEV protease inhibits growth to levels seen upon overexpression of WT YafQ ( Fig.  4C ; compare orange and gray lines). These results imply that the engineered protease site located at the C-terminal loop 5 of DinJ is accessible by TEV protease in vivo.
To confirm the cleavage of DinJ(TEV_L5) at the TEV recognition site after induction of both DinJ(TEV_L5)-YafQ and TEV in vivo, we purified DinJ(TEV_L5) using affinity chromatography and extracted the protein bands from SDS-PAGE for LC-MS/MS analysis. When DinJ(-TEV_L5)-YafQ expression is induced in the absence of TEV expression, mass spectrometry reveals peptides containing an entire TEV recognition site ( 74 ENLYFQG 80 ) (Table S1 ). However, induction of both DinJ(TEV_L5)-YafQ and TEV results in a DinJ product truncated after Gln79, consistent with TEV cleavage (Table S1 ). The growth inhibition we observe upon both TEV and DinJ(TEV_L5) expression in vivo reveals that loop 5 of DinJ is accessible to the TEV protease. However, whether TEV protease recognizes free DinJ(TEV_L5) or the DinJ(TEV_L5)-YafQ complex was not determined from this cell-based assay. To examine this, we overexpressed and purified DinJ(TEV_L5) and DinJ(TEV_L5)-YafQ independently, incubated each with purified TEV protease and assessed the cleavage by analytical SEC to determine the resulting molecular weights of the reaction products. Incubation of the DinJ(TEV_L5)-YafQ complex with TEV had no effect on the elution profile suggesting no TEV proteolysis (Fig. 4D) . Incubation of TEV protease with DinJ(TEV_L5) in the absence of YafQ results in a peak eluting at a later volume than that of DinJ(TEV_L5) without TEV treatment (Fig. 4E) . Thus, it appears the protease site at C-terminal loop 5 is accessible to TEV protease only when the antitoxin is free and not in the context of the DinJ-YafQ complex.
Loop 5 of DinJ is targeted by Lon protease in vitro
During stress, Lon protease, as well as other cellular proteases including ClpXP and ClpAP, plays critical roles in proteolytic degradation of several antitoxins to activate the stringent response (Gerdes et al., 2005) . Antitoxins including RelE, YefM and HipB were shown in vitro to be substrates of Lon (Overgaard et al., 2009; Hansen et al., 2012; Maisonneuve et al., 2013) . DinJ is also stabilized in E. coli isogenic strains lacking either Lon or ClpXP proteases suggesting an important role of these proteases in DinJ degradation (Prysak et al., 2009) . Given that deletion of E. coli Lon protease has the largest effect on DinJ stability as compared to deletions of other cellular proteases (Prysak et al., 2009) , we focused on how Lon selects DinJ for proteolysis. Lon was purified as previously described (Patterson-Ward et al., 2007) and we verified Lon activity using two established model E. coli Lon substrates, titin and casein ( Fig. S4) (Charette et al., 1981; Gur and Sauer, 2008) . In these assays, Lon activity was monitored by the degradation of a carboxymethylated titin-I27 domain fused to a b-galactosidase fragment (titin-I27 CM -b20) and fluorescently labeled, natively unfolded casein (FTC-casein) (Charette et al., 1981; Gur and Sauer, 2008; Jonas et al., 2013) . To eliminate complications in assessing DinJ proteolysis due to the presence of similarly sized proteins in our Lon prep (Fig. S4B) S-DinJ-YafQ complex is proteolyzed (Fig. 5) . As discussed in more detail below, the kinetics of Lon degradation in vitro are slower than the degradation of titin or casein, or even of DinJ in vivo (Prysak et al., 2009 ) consistent with slow in vitro Lon cleavage of other antitoxins HipB and RelB (Christensen et al., 2001; Overgaard et al., 2009; Hansen et al., 2012) . Lon was unable to degrade DinJ(TEV_L5) strongly implicating the C-terminal loop 5 as a critical determinant for Lon recognition (Fig. 5) .
Discussion
Toxin-antitoxin complexes regulate transcription and translation in response to the stress state of the cell. Regulated proteolysis of the antitoxin causes derepression of toxin-antitoxin loci initiating downstream toxin protein effects (Hauryliuk et al., 2015) . Identification of antitoxin features important for toxin-antitoxin complex formation and how this relates to antitoxin proteolysis is critical for determining how this bacterial signaling event is activated. We previously demonstrated that disrupting the N-terminal RHH motif-containing region of DinJ prevents self-dimerization which is required to form an intact DNA-binding domain (Ruangprasert et al., 2014) . However, the monomeric Cterminus of DinJ is still capable of forming interactions with a monomer of YafQ suggesting the N and C termini of DinJ function independently. Here, we demonstrate that this N-terminally truncated DinJ-YafQ dimer is competent at suppressing YafQ-mediated toxicity in vivo. Conversely, all C-terminal DinJ truncations tested disrupt the formation of the DinJ-YafQ complex and fail to suppress toxicity. Furthermore, deletion of the last ten residues of DinJ prevents the formation of the DinJ- YafQ complex. These ten residues comprise loop 5 and a4; the interior of a4 contains numerous hydrophobic residues (Leu80, Phe81, Leu84, Gly85 and Ile86) that pack against a hydrophobic patch on YafQ (Ile6, Tyr12, Val16, Leu29, Leu32, Ile37, Leu79 and Phe81) shielding these residues from the solvent (Fig. 6A) . These results reveal the importance of preserving hydrophobic interactions between DinJ and YafQ to maintain the structural integrity of the complex.
In support of the N-and C-terminal domains of DinJ functioning independently, truncation of the C-terminal a4 of DinJ has no effect on transcriptional autoregulation, complementing our previous finding that WT DinJ alone efficiently represses transcription (Ruangprasert et al., 2014) . These findings are counter to how other toxin-antitoxin systems regulate transcription. In some systems, toxin binding to the antitoxin increases the affinity for its DNA operator suggesting an increase in repression (Afif et al., 2001; Overgaard et al., 2009; Garcia-Pino et al., 2010) . However, the MqsR toxin of the MqsRA toxin-antitoxin complex also does not contribute to increased affinity of the complex for its operator, and in fact, MqsR toxin binding destabilizes this interaction (Brown et al., 2013) . Therefore, our results add to accumulating evidence that the mechanisms of repression exerted by toxin-antitoxin systems may be more divergent than previously appreciated.
The DinJ C-terminal truncation studies revealed the importance of burying hydrophobic interactions between the toxin and the antitoxin and thus suggested that proteases could target these regions to disrupt the complex. Both the C-terminal loop 5 and a4 contain numerous hydrophobic residues (Fig. 6A) , which are known Lon degradation signals, most commonly during protein misfolding (Gur and Sauer, 2008; . TEV degrades a DinJ variant containing its recognition sequence at loop 5 indicating this region is solvent exposed. However, TEV only cleaves free DinJ and not DinJ in the context of the DinJ-YafQ in vitro. In contrast to the TEV results, we determine that Lon degrades both free DinJ and DinJ in the context of the DinJ-YafQ complex. These data perhaps suggest that the TEV assays do not fully recapitulate canonical Lon proteolysis. The DinJ TEV substituted loop 5 is resistant to Lon degradation strongly suggesting loop 5 as important for initial Lon recognition. The binding of toxins to antitoxins have been shown to hinder access to proteolytic sites in the context of certain toxin-antitoxin complexes including CcdBA, Kid-Kis and the YoeB-YefM (Bernard et al., 1993; Van Melderen et al., 1996; Kamada and Hanaoka, 2005; Diago-Navarro et al., 2013) . However, our studies indicate that YafQ binding does not prevent Lon from degrading DinJ. Taken together, our studies suggest that after Lon recognizes loop 5 of DinJ, the interactions between DinJ and YafQ are disrupted, allowing for complete DinJ degradation by Lon.
Long incubation times were required for Lon-mediated proteolysis of DinJ suggesting two possibilities: either Lon was not fully active or that the in vitro result did not contain a required factor normally present in vivo. We eliminated the first possibility by demonstrating Lon is active against model substrates titin and casein. Although our data do not directly reveal the existence of an accessory factor, the slow, in vitro proteolysis is consistent with studies of HipB and RelB antitoxins which also demonstrate differences between in vivo and in vitro half-lives (Christensen et al., 2001; Overgaard et al., 2009; Hansen et al., 2012) . HipB and RelB have in vivo half-lives of 15 min as compared to in vitro halflives of 74 and >60 min, respectively, upon incubation with purified Lon. There is a >10-fold increase in the in vivo half-lives of HipB and RelB antitoxins in the absence of Lon confirming that indeed Lon is the main cellular protease (Christensen et al., 2001; Hansen et al., 2012) . Our results are consistent with the HipB and RelB studies and together these data suggest that Lon may optimally function via an adapter as previously suggested (Tsilibaris et al., 2006) .
Toxin-antitoxin systems structurally related to DinJYafQ also contain similar C termini which may be Lon targets. Both E. coli RelB and YefM antitoxins have loop regions ranging from six to ten residues that precede hydrophobic regions that are buried upon interaction with their cognate toxins (Kamada and Hanaoka, 2005; Boggild et al., 2012) (Figs. 6B and C) . Lon recognizes hydrophobic regions of misfolded proteins (Gur and Sauer, 2009 ), but it is unclear if antitoxin hydrophobic residues are similarly recognized by Lon. Antitoxins that contain intrinsically disordered regions such PhD and CcdA could serve as protease recruitment signals in the absence of misfolding (Van Melderen et al., 1994; Madl et al., 2006; De Jonge et al., 2009; Garcia-Pino et al., 2010; 2016) . However, not all antitoxins contain intrinsically disordered regions including DinJ, therefore how these antitoxins are specifically degraded in response to stress remains elusive. Cell cycle regulation in Caulobacter crescentus and the regulation of swarming in response to environmental changes in Bacillus subtilis require the regulation of Lon by adapter proteins (Jonas et al., 2013; Mukherjee et al., 2015) . The recruitment of accessory factors to enable Lon recruitment to antitoxins could rationalize regulated proteolysis at defined growth states in response to stress.
Experimental procedures
Site-directed mutagenesis and plasmid construction
Strains and plasmids used in this study are listed in Table  S2 . The plasmids pBAD33-DinJ-YafQ, pET21c-DinJ-(His) 6 YafQ and pET21c-DinJ-YafQ(His) 6 also served as templates for site-directed mutagenesis for pBAD33-DinJYafQ variants used in the growth assays, and all the pET21c-DinJ-(His) 6 YafQ variants used in size exclusion chromatography and TEV cleavage assays (Prysak et al., 2009; Ruangprasert et al., 2014) . Subcloning and sitedirected mutagenesis were performed using the primers listed in Table S3 . dinJ(D1-12)-yafQ and dinJ(D1-44)-yafQ genes were amplified from full-length dinJ-yafQ operon and inserted into pBAD33 using NdeI and HindIII restriction sites. For b-galactosidase assays, pQF50-PdinJ_dinJ_yafQ was generated by PCR amplification of the dinJ promoter region starting from position 2259 to the end yafQ gene using E. coli DH5a genomic DNA as a template. The PCR product was subcloned into the pQF50 plasmid with BamHI and HindIII restriction enzymes. The variations of pQF50_PdinJ_dinJ_yafQ were generated by site-directed mutagenesis. pRK793_Kan r was created by PCR amplifying the Kan r gene from pET28a and inserting into pRK793 using PstI and ScaI restriction sites.
Bacterial growth assays E. coli BW25113 cells transformed with pBAD33-YafQ, pBAD33-DinJ-YafQ or pBAD33-DinJ-YafQ variants were grown in M9 medium supplemented with 0.05% casamino acids, 0.21% glycerol, 10 mM magnesium sulfate and 25 lg ml 21 chloramphenicol at 378C as previously described (Prysak et al., 2009) . A 1:100 overnight culture was used to inoculate 50 ml fresh medium. Cells were grown until an optical density (OD) of 0.2 at 600 nm, and the culture was split in half and protein expression induced with 0.2% L-arabinose in one culture, while the other served as a control (equivalent volume of water added). OD measurements were taken every hour for 6 h. All growth assays were performed three times.
Purification of DinJ-YafQ, YafQ, DinJ, DinJ(D77-86)-YafQ and DinJ(D77-86) variants E. coli BL21 Gold (DE3) pLysS cells transformed with pET21c-DinJ-YafQ(His) 6 or pET21c-DinJ(D77-86)-YafQ (His) 6 variant were grown in 800 ml LB medium, and the DinJ-(His) 6 YafQ complex was affinity purified as previously described (Ruangprasert et al., 2014) . To purify WT DinJ, the DinJ-(His) 6 YafQ complex was bound to a HisTrap FF Crude TM Ni 21 Sepharose column, and the column was first washed with buffer containing 5 mM imidazole to remove nonspecific proteins (40 mM Tris-HCl, pH 7.5, 250 mM KCl, 5 mM MgCl 2 and 5 mM b-mercaptoethanol [b-Me]). The column was washed with denaturing buffer (40 mM TrisHCl, pH 7.5, 250 mM KCl, 5 mM MgCl 2 , 5 mM b-Me, 5 mM imidazole and 6 M guanidine-HCl) to elute DinJ from the complex. DinJ was quickly refolded by dilution in the size exclusion buffer (40 mM Tris-HCl, pH 7.5, 250 mM KCl, 5 mM MgCl 2 and 5 mM b-Me), concentrated and further purified on a Superdex 75 16/60 column (GE Healthcare). YafQ was eluted from the Ni 21 Sepharose column with an increasing gradient of imidazole (5-500 mM), quickly refolded by dilution in size exclusion buffer, concentrated and purified on a Superdex 75 16/60 column. Both DinJ and YafQ were stored in the size exclusion buffer, flash frozen in liquid nitrogen and stored at 2808C.
The DinJ(D77-86)-(His) 6 YafQ complex was purified using a modified protocol (Ruangprasert et al., 2014) . The cell lysate was applied to a His SpinTrap columns (GE Healthcare), and the proteins were purified using a batch method. DinJ(D77-86) was eluted during the wash steps. (His) 6 YafQ eluted from the column in 400 mM imidazole. Each protein was concentrated, flash frozen in liquid nitrogen and stored at 2808C. 
Analytical size exclusion chromatography
The sizes and oligomeric states of DinJ, YafQ, DinJ-YafQ and DinJ-YafQ variants (100 lM) were determined by running purified protein on a Superdex S75 10/300 GL column (GE Healthcare) equilibrated with size exclusion buffer as previously described (Ruangprasert et al., 2014) . Molecular weights were estimated by comparison of the elution volume with protein molecular weight standards (BioRad).
b-Galactosidase activity assays E. coli BW25113 cells harboring a pQF50_PdinJ_dinJ_yafQ or variant constructs were grown overnight at 378C in M9 minimal medium and 0.05% casamino acids and 0.2% glucose. Fifty microliters of each overnight culture was used to inoculate 5 ml of fresh M9 medium supplemented with 0.21% glycerol and 100 lg ml 21 ampicillin, and growth was monitored until an OD 600 of 0.2. At 4 h, b-galactosidase activity assays were performed in triplicate using the Miller method (Miller, 1972) . b-Galactosidase activity from each sample was normalized to the control (100% bgalactosidase activity), and background b-galactosidase activity was determined using BW25113 carrying the original promoter-less pQF50 plasmid as previously described (Ruangprasert et al., 2014) .
In vivo TEV cleavage assays ). In the DinJ(TEV_L3)-YafQ construct, loop 5 residues Ala74 and Lys75 were changed to the first two residues of the TEV recognition motif, Glu74 and Asn75, and the four-residue 76 LYFQ 80 sequence was inserted. E. coli BW25113 cells were transformed with one of the pBAD33 constructs together with the TEV protease expression vector, pRK793 (Kapust et al., 2001) . The antibiotic resistance was changed from ampicillin to kanamycin by subcloning kan r from pET28a into PstI and ScaI sites (Table  S2) . To induce the expression of (His) 6 DinJ(TEV_L3) or (His) 6 DinJ(TEV_L5) and TEV protease, arabinose (0.2% final concentration) and IPTG (1 mM final concentration) were added to the culture at OD 600 5 0.2, respectively. OD measurements were taken every hours to monitor the growth for 5 h.
To determine if DinJ(TEV_L5) is specifically cleaved by TEV protease, an additional pBAD33 construct was made to add an N-terminal hexahistidine affinity tag to DinJ for affinity purification. To prevent cell toxicity if YafQ is freed, a YafQ catalytic variant H87A was used (Maehigashi et al., 2015) . E. coli BW25113 cells transformed with pBAD33-(His 6 )DinJ(TEV_L5)-YafQ(H87A) were treated as in the in vivo cleavage assays, and cells were harvested 3 h postinduction by centrifugation. (His 6 )DinJ(TEV_L5)-YafQ was affinity purified as previously described but instead on a small scale using an affinity spin filter (GE Healthcare). Fractions were run on a 15% SDS-PAGE gel and protein bands were visualized with Coomassie G-250. Proteins corresponding to the approximate molecular weight of DinJ were excised and submitted for trypsin digestion and identification by LC-MS/MS.
Mass spectrometry analysis
DinJ(TEV_L5) with or without TEV protein expression in vivo was added to IP beads, the beads were spun down and residual wash solution was removed. Digestion buffer (200 ml of 50 mM NH 4 HCO 3 ) was added, and the bead solution was then treated with 1 mM dithiothreitol (DTT) at 258C for 30 min, followed by 5 mM IAA at 258C for 30 min in the dark. Proteins were digested with 1 mg of lysyl endopeptidase (Wako) at room temperature for 2 h and further digested overnight with 1 mg trypsin (Promega) at room temperature. Resulting peptides were desalted with a SepPak C18 column (Waters) and dried under vacuum. The dried peptides were resuspended in 10 ml of loading buffer (0.1% formic acid, 0.03% trifluoroacetic acid and 1% acetonitrile). Peptide mixtures (2 ml) were separated on a selfpacked C18 (1.9 mm Dr. Maisch, Germany) fused silica column (25 cm 3 75 mM internal diameter [ID] ; New Objective, Woburn, MA) by a Dionex Ultimate 3000 RSLCNano and monitored on a Fusion mass spectrometer (ThermoFisher Scientific, San Jose, CA). Elution was performed over a 120 min gradient at a rate of 350 nl min 21 with buffer B ranging from 3 to 80% (buffer A: 0.1% formic acid in water and buffer B: 0.1% formic in acetonitrile). The mass spectrometer cycle was programmed to collect at the top speed for 3 s cycles. The MS scans (400-1600 m/z range, 200,000 AGC, 50 ms maximum ion time) were collected at a resolution of 120,000 at m/z 200 in profile mode and the HCD MS/MS spectra (0.7 m/z isolation width, 30% collision energy, 10,000 AGC target, 35 ms maximum ion time) were detected in the ion trap. Dynamic exclusion was set to exclude previous sequenced precursor ions for 20 s within a 10 ppm window. Precursor ions with 11 and 18 or higher charge states were excluded from sequencing. MS/ MS spectra were searched against a Uniprot curated E. coli database (downloaded on 08/14/2015 with 4,218 target sequences) with Proteome Discoverer 2.0 (ThermoFisher Scientific). Only fully tryptic peptides were considered with up to two miscleavages in the database search. A precursor mass tolerance of 620 ppm and a fragment mass tolerance of 0.6 Da were applied. Spectra matches were filtered by Percolator to a psm fdr of less than 1%. Peptide level data were compiled with in-house written software.
In vitro TEV cleavage assays
A new pET21c-DinJ(TEV_L5)-(His) 6 YafQ construct was generated by site-directed mutagenesis, overexpressed and purified as previously described (Ruangprasert et al., 2014) . DinJ(TEV_L5)-(His) 6 YafQ complex was affinity purified, buffer exchanged and run on a Superdex 75 16/60 column. DinJ(TEV_L5)-(His) 6 YafQ was flash frozen in liquid nitrogen and stored at 2808C. To purify DinJ(TEV_L5), the DinJ(TEV_L5)-(His) 6 YafQ complex was bound to a HisTrap FF Crude TM Ni 21 Sepharose column, the column was washed with denaturing buffer (40 mM Tris-HCl, pH 7.5, 250 mM KCl, 5 mM MgCl 2 , 5 mM b-Me, 5 mM imidazole and 6 M guanidine-HCl) to elute DinJ(TEV_L5) from the complex. DinJ(TEV_L5) was rapidly refolded in size exclusion buffer (40 mM Tris-HCl, pH 7.5, 250 mM KCl, 5 mM MgCl 2 and 5 mM b-Me) and further purified on a Superdex 75 10/300 column. Purified DinJ(TEV_L5) fractions were pooled, flash frozen in liquid nitrogen and stored at 2808C. WT YafQ was purified and stored as described previously.
Purified DinJ(TEV_L5)-(His) 6 YafQ (3.34 mg), DinJ (TEV_L5) (1.55 mg) and WT (His) 6 YafQ (1.55 mg) were each incubated with TEV (0.31 mg) in 500 ml of TEV reaction buffer (40 mM Tris-HCl, pH 7.5, 250 mM KCl, 5 mM MgCl 2 , 5 mM b-Me, 0.5 mM EDTA and 1 mM DTT) at room temperature for 3 h and then at 48C overnight according to the manufacturer's suggestions (Sigma). The reactions were loaded onto a Superdex 75 10/300 column, and their resulting elution volumes were compared to molecular weight standards (BioRad).
Lon protease purification and degradation assays E. coli BL21(DE3) cells transformed with pHF004-Lon (pET24-Lon; kind gift from Dr. Irene Lee) and Lon was purified using a modified protocol (Thomas-Wohlever and Lee, 2002) . Cells were grown in LB medium until an OD 600 of 0.5, and Lon expression was induced by the addition of 1 mM IPTG. Cells were grown for additional 3 h and harvested by centrifugation at 3,000 3 g at 48C. The cell pellets were resuspended in lysis buffer (20 mM Tris-HCl, pH 7.5, 250 mM KCl, 5 mM b-Me, 0.1%, v/v, Triton X-100, 0.1 mM benzamidine and 0.1 mM phenylmethanesulfonylfluoride [PMSF] ) and lysed by sonication. The lysate was clarified by centrifugation at 40,000 3 g at 48C for 1 h and passed through a 0.45-lm filter. Lon was buffer exchanged into buffer QA (20 mM Tris-HCl, pH 7.5, 5 mM b-Me and 20% glycerol) and loaded onto a HiTrap Q Sepharose FF anion exchange column (GE Healthcare) equilibrated with buffer A (40 mM Tris-HCl, pH 7.5, 10% glycerol, 250 mM KCl, 5 mM MgCl 2 , 5 mM b-Me and 5 mM imidazole). Lon was eluted with a linear gradient of buffer B (buffer A with 500 mM imidazole). Fractions containing Lon were pooled, concentrated and buffer exchanged into buffer QA (20 mM Tris-HCl, 5 mM b-Me and 20% glycerol). The concentrated sample was then loaded onto a HiTrap Q Sepharose FF anion exchange column (GE Healthcare) equilibrated with buffer QA and eluted with buffer QB (same as buffer QA but containing 1 M NaCl). Fractions were pooled, concentrated, and loaded on a Superdex 200 16/60 column equilibrated with Lon storage buffer (20 mM Tris-HCl, pH 8.0, and 5 mM b-Me). Lon was flash frozen in liquid nitrogen and stored at 2808C.
The activity of purified Lon was assessed using known Lon proteolysis targets titin-I27 CM -b20 and FTC-casein (Charette et al., 1981; Gur and Sauer, 2008; Jonas et al., 2013) . Titin was purified and carboxymethylation as previously described (Jonas et al., 2013) (the plasmid was a kind gift from Dr. Michael Laub). Degradation assays were performed in Lon reaction buffer (25 mM Tris-HCl, pH 8.0, 100 mM KCl and 10 mM MgCl 2 ) with an ATP regenerating system (75 lg ml 21 creatine kinase, 15 mM creatine phosphate and 4 mM ATP). Lon (0.6 lM monomer) was incubated with titin-I27 CM -b20 (5 lg ml
21
) at room temperature. Samples were removed every hour, mixed with SDS loading dye, heated to 958C for 5 min and separated by SDS-PAGE. Coomassie blue G-250 stain was used for protein band detection, and protein band intensity was quantified using GeneTools (Syngene). For the activity assays with FTCcasein, Lon (0-1.0 lM) was incubated with FTC-casein at different concentrations (50, 100, 250, 500, 750, 1,000 and 2,000 nM) according to the manufacturer's protocol (Sigma). S-DinJ(TEV_L5) were affinity purified as previously described (Maehigashi et al., 2015) . A total of 5 lM of each protein was incubated with Lon (13 lM) at 378C in reaction buffer with the ATP regenerating system as described earlier. Each sample was denatured, shock refolded and further purified on a Superdex S200 minispin columns. After 16 h, samples were mixed with SDS loading dye, heated to 958C for 5 min and separated by SDS-PAGE. DinJ and YafQ protein bands were visualized by autoradiography using a Typhoon FLA7000 scanner (GE Healthcare) and the intensities quantifiied by ImageQuant.
